Extracellular matrix (ECM) serves a key role in cell migration, attachment, and cell development. Here we report that ECM derived from human umbilical vein endothelial cells (HUVEC) promoted osteogenic differentiation of human bone marrow mesenchymal stem cells (hMSC). We first produced an HUVECderived ECM on a three-dimensional (3D) beta-tricalcium phosphate (b-TCP) scaffold by HUVEC seeding, incubation, and decellularization. The HUVEC-derived ECM was then characterized by SEM, FTIR, XPS, and immunofluorescence staining. The effect of HUVEC-derived ECM-containing b-TCP scaffold on hMSC osteogenic differentiation was subsequently examined. SEM images indicate a dense matrix layer deposited on the surface of struts and pore walls. FTIR and XPS measurements show the presence of new functional groups (amide and hydroxyl groups) and elements (C and N) in the ECM/b-TCP scaffold when compared to the b-TCP scaffold alone. Immunofluorescence images indicate that high levels of fibronectin and collagen IV and low level of laminin were present on the scaffold. ECM-containing b-TCP scaffolds significantly increased alkaline phosphatase (ALP) specific activity and up-regulated expression of osteogenesis-related genes such as runx2, alkaline phosphatase, osteopontin and osteocalcin in hMSC, compared to b-TCP scaffolds alone. This increased effect was due to the activation of MAPK/ERK signaling pathway since disruption of this pathway using an ERK inhibitor PD98059 results in down-regulation of these osteogenic genes. Cell-derived ECM-containing calcium phosphate scaffolds is a promising osteogenic-promoting bone void filler in bone tissue regeneration.
Introduction
Extracellular matrix (ECM) is a fibrillar basement network of secreted proteins that is composed mainly of collagens and proteoglycans. ECM provides appropriate microenvironment to support cell adhesion and direct cell behaviors such as proliferation, and differentiation [1e3] . In vivo, ECM is initially produced by cells and subsequently formed into a three-dimensional (3D) network [3] .
In an attempt to engineer similar microenvironments in tissue engineered scaffolds for regenerative medicine applications, previous studies have utilized decellularized ECM derived from human or animal tissues and organs, typically urinary bladder, heart valves or small intestine [4e6] , to produce biological scaffolds. However, potential pathogen transmission and the dimensions of the original tissue limit the application of decellularized ECM from human or animal tissue [4, 5, 7] . In contrast, the use of synthetic scaffolds carries little to no risk of infectious disease transmission and has the added advantage of easy formulation. However, these synthetic scaffolds rarely provide the necessary biological stimulus for appropriate tissue development.
In order to reproduce ECM-like function in synthetic scaffolds, previous studies have utilized ECM proteins such as vitronectin, collagen, laminin and fibronectin to coat the surface of polymers, ceramics, and hydrogels [8e13,14] . Kundu and Putnam demonstrated that vitronectin and collagen I coated onto PLGA polymer film regulated the osteogenic behavior of hMSC through MAPK/ERK signaling pathway [12, 13] while Klees et al. reported that laminin-5 stimulated the osteogenic differentiation of hMSC [15] . Although these studies demonstrate that ECM proteins can enhance cell attachment and differentiation, it is difficult to reproduce the exact composition and function of native ECM using protein-coating methods alone [16] . Therefore, creating a native ECM on a synthetic scaffold may facilitate cell development by combining biological cues with three-dimensional (3D) mechanical support. Cell-derived ECM fabricated onto 3D scaffolds has recently garnered increased attention with several studies showing promising results [17e20,21] . Mikos and colleagues showed that titanium fiber meshes containing ECM derived from rat marrow stromal cells increased bone matrix deposition in vitro when compared to those directly grown on titanium fiber mesh or polymeric scaffold alone [22e24,25] . Chen and colleagues demonstrated that bone marrow cell-derived ECM facilitates expansion of mesenchymal colonyforming units in vitro while maintaining their stem cell properties [26] . These results suggest that cell-derived ECM creates a microenvironment conducive to osteoblastic cell differentiation. Therefore, we hypothesize that HUVEC-derived ECM-containing porous ceramic scaffolds can promote osteogenic differentiation of hMSC.
There were three goals of this study. The first was to investigate the feasibility of depositing HUVEC-derived ECM on the surface of a porous b-TCP bioceramic scaffold. The second was to see if HUVEC-derived ECM would enhance osteogenic differentiation of hMSC, and the third was to assess the function of the MAPK/ERK signaling pathway in the osteogenic process. We first established the protocol of HUVEC-derived ECM on porous b-TCP scaffolds and characterized it using scanning electron microscope (SEM), Fourier transmission infrared spectrum (FTIR), X-ray photoelectron spectroscopy (XPS), and immunofluorescence staining. Then osteogenic differentiation of hMSC was investigated through evaluation of alkaline phosphatase (ALP) specific activity and gene expression of osteogenic genes, including alkaline phosphatase (alp), runtrelated transcription factor 2 (runx2), osteopontin (opn) and osteocalcin (oc). Finally, an osteogenic signaling pathway MAPK/ ERK was also studied.
Materials and methods

Materials
b-TCP powder (specific surface area: 17 m 2 /g) was obtained from Nanocerox, Inc.
(Ann Arbor, Michigan). Paraffin granules purchased from Fisher Scientific (Pittsburgh, USA) were used to fabricate small beads as porogen.
An MSCGMÔ BulletKitÔ, EBMÔ (endothelial basal medium), and an EGMÔ (endothelial growth media) SingleQuotsÔ Kit were purchased from Lonza, Inc. Antihuman laminin monoclonal antibody (MAB1921) was obtained from Millipore (Billerica, MA). Mouse anti-human monoclonal antibodies to collagen IV (ab6311) and to fibronectin (ab26245) were purchased from Abcam. Mouse monoclonal osteocalcin antibody (sc73464) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-human polyclonal antibody ERK1/2 and phospho-ERK1/2 (Thr202/Tyr204), and the secondary antibody Alexa Fluor Ò 594 (goat antimouse, 2 mg/mL) were purchased from Invitrogen (Carlsbad, CA). Anti-rabbit IgG (H þ L) HRP conjugate was purchased from Promega. MEK1/2 inhibitor PD98059 was purchased from SigmaeAldrich.
Preparation of b-TCP scaffolds
The process to fabricate b-TCP scaffolds using a template-casting method was described in previous studies [27, 28] . In short, b-TCP powder, dispersant (Darvan Ò C), surfactant (Surfonal Ò ), and carboxymethyl cellulose powder were mixed in distilled water to form slurry. Paraffin beads with designed size were packed into a customized mold and heated to partially melt the beads and form the template.
The b-TCP ceramic slurry was then cast onto the template. The slurry can thoroughly fill the template under vacuum environment. The as-cast template was solidified for two days and then dehydrated in a series of graded ethanol solutions. After the dehydration, the dehydrated ceramic green body was put in an alumina dish and sintered at 1250 C for 3 h. The morphology of b-TCP scaffolds was characterized by scanning electron microscopy. The diameter of the scaffolds used for this study was 7e8 mm and the height was 5e6 mm. The porosity of the scaffolds was 82.5 AE 0.1% and the pore size ranged from 350 mm to 500 mm [29] .
Cell culture
HUVEC was provided from the laboratory of the late Dr. J. Folkman (Children's Hospital, Boston). hMSC was provided by Dr. Melero-Martin from Children's Hospital, Boston. The hMSC can differentiate into adipogenic, chondrogenic, and osteogenic lineages [30] . The hMSC were cultured in MSCBM, which is a nondifferentiating growth medium containing 10% fetal bovine serum (FBS) and 1Â glutamineepenicillinestreptomycin (GPS; Invitrogen). HUVEC were cultured in EBM-2 containing supplements from EGM-2 kit and 10% FBS. The cell medium was changed every 3 days. Cells below passage 9 were used in all the experiments.
Production of ECM on b-TCP scaffolds
HUVEC were cultured in EBM-2 and trypsinized after confluence. 1 Â 10 5 cells suspended in 100 ml medium were seeded onto scaffolds and then incubated for 1 h for cell attachment on the surface of scaffolds; afterwards, additional culture medium was added to culture cells on the scaffold for 14 days. Medium was changed every 3 days. At the designed time points, cell/scaffolds were washed in PBS and then HUVEC were stripped off from the scaffolds in a mixture solution of 0.5% Triton X-100 and 20 mM NH 4 OH for 5 min according to previously reported methods [31, 32] , leaving structurally-intact ECM exposed and uniformly attached on the surface of inner walls of scaffolds. Finally, ECM-deposited scaffold surfaces were gently washed 5 times using PBS and air-dried in the biological hood for further use. The surface morphology of b-TCP scaffold and ECM/b-TCP scaffold were examined using an SEM (FEI, USA). The scaffolds were sputter-coated with gold before imaging. The operated voltage was set at a 15 kV.
Immunofluorescent staining of matrix
To study the protein components and distribution pattern of HUVEC-derived ECM on b-TCP scaffolds, immunofluorescent staining was performed. Three proteins, collagen IV, fibronectin and laminin as biomarkers of ECM components, were immunofluorescent stained. After decellularization, ECM/b-TCP scaffolds were washed three times in PBS. A 5% BSAePBS buffer solution was used to block the samples for 1 h at room temperature, and then primary antibodies, including mouse anti-human collagen IV (dilution 1:200), fibronectin (dilution 1:100), and laminin (dilution 1:100) in 1% BSAePBS, were added into the sample followed by incubation overnight at 4 C. After washing with PBS, a secondary antibody (Alexa Fluor Ò 594, 2 mg/ml, Invitrogen) in 1% BSAePBS was added into the samples and incubated in the dark for 1 h at room temperature. Finally, the cell nuclei were counterstained with DAPI (5 mg/ml) for 1 min and then extensively washed with PBS. The fluorescent staining was imaged by confocal microscopy (CSLM, Olympus IX81).
Fourier transmission infrared spectrum (FTIR)
FTIR analysis was carried out to determine components of ECM/b-TCP using an attenuated total reflection system on a Nicolet spectrometer. FTIR spectra were recorded with 100 scans at 4.0 cm À1 resolution. Spectra were normalized to a background spectrum. A dry system was used to prevent atmospheric moisture.
X-ray photoelectron spectroscopy (XPS)
XPS was conducted to investigate the surface elements of ECM on b-TCP (detectable depth 3e5 nm). A focused monochromatic Al-Ka X-ray (1486.6 eV) was used as excitation source. To bombard the sample, X-rays were set to 40 W of power, a running voltage of 15 kV and a sampling area of 200 mm in diameter. The binding energy (1100e0 eV) was recorded in survey scan spectra at 0.5 eV steps, and the pass energy was set at 140 eV. Elemental spectra of C1s, O1s, N1s, Ca2s, P2p were scanned at a high resolution with 0.1 eV intervals. The percentages of each major element were automatically calculated by equipment-associated Multipak software. Binding energies of elemental spectra were autoshift-scaled to the spectra of C1s peak which was set at 284.7 eV. A control sample consisting of decellularized ECM collected from culture plates was also measured.
Proliferation and osteogenic differentiation assays
hMSC were seeded at a density of 1 Â 10 5 cells/scaffold on ECM/b-TCP and b-TCP scaffolds in MSCBM non-differentiation medium, and then the culture medium was changed to hMSC osteogenic media, which contains 10% FBS, 10 mM b-glycerophosphate, 10 nM dexamethasone, and 50 mg/ml ascorbic acid. For the experimental groups involving the inhibitor PD98059, fresh osteogenic media containing inhibitor PD98059 at a final concentration of 50 mM were added. On each media change, fresh inhibitor was added into the fresh media. At each time point, cells were harvested from scaffolds. After rinsing the samples in PBS, the samples were frozen at À20 C. Concentration of double-stranded DNA (dsDNA), which represents cell proliferation, was quantified in a fluorometric assay. At the determined time point, Cells were lysed in a 0.2% Triton X-100 solution followed by three freeze/thaw cycles. During each cycle, cells/scaffolds were frozen to À80 C for 20 min followed by thawing to 37 C for another 20 min. To homogenize cell lysates solution, samples were finally sonicated on ice for 1 min. Lysates were then placed on 96-well plates. A PicoGreen assay kit (Invitrogen) was used to measure the absorbance. A BioTek FL800 instrument was used for sample reading at 480/520 nm (ex/em) wavelengths.
DNA concentrations were then determined by comparing values to a standard curve constructed with values for solutions with known DNA concentrations.
To determine alkaline phosphatase activity (ALP), a working solution containing p-nitrophenyl phosphate (p-NPP) was added into samples and then incubated for 30 min at 37 C. After incubation, the reaction was stopped by placing samples on ice and adding 100 mL of 1 M sodium hydroxide. The absorbance values of samples were obtained on a microplate reader (BioTek) at 405 nm wavelength. The ALP concentration of samples was calculated through a standard curve. The ALP specific activity was determined by normalizing ALP value of each sample to its dsDNA concentration.
Real-time PCR
Cellular total RNA was extracted after 7 and 14 days of incubation using an RNeasy mini Kit (QIAGEN). RNA concentration was determined on an Eppendorf Biophotometer. RNA samples were then reversed-transcribed into cDNA using an iScript cDNA synthesis kit (BIO-RAD). Real-time PCR was run on an ABI 7900HT Sequence Detection system (ABI, Foster city, CA) using a cDNA product template, specific primers, and iQ SYBR Green supermix (BIO-RAD) in a total volume of 10 mL. Primer sequences as shown in Table 1 for runx2, alp, osteopontin (opn), osteocalcin (oc), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from Invitrogen and used to evaluate gene expression [33e35] . The relative genes expression levels were analyzed using the 2 ÀDDCt method [36] by normalizing with the housekeeping gene GAPDH as an endogenous control and calibrating with efficiency, where DDC t is calculated from (C t,sample À C t,control ) target gene À (C t,sample À C t,control ) GAPDH .
Western blot
For Western blot analysis, hMSC were seeded on the b-TCP and ECM/b-TCP scaffolds for 24 h. Cells/scaffolds were then lysed with cold RIPA buffer containing a phosphatase inhibitor cocktail and HaltTM protease (Thermo Scientific, Rockford, IL, USA) for 10 min, and then cell lysates were centrifuged at 15,000 rpm for 15 min at 4 C to pellet the cell debris. An aliquot of each lysate was taken out to measure protein concentration using a BCA protein assay kit (Thermo Scientific, Rockford, IL, USA). Five mg proteins in a 2Â Laemmli loading buffer were heated at 95 C for 5 min, and separated on 4e15% Mini-Protean TGXTM gels (BIO-RAD). Each lane was loaded with equal protein amounts. A SpectraÔ multicolor broad range protein ladder (Fermentas) was run in parallel lanes. After electrophoresis, a PVDF membrane (Millipore, Billerica, MA) was used to transfer the proteins from gels in a buffer (192 mM glycine, 25 mM Tris, and 20% v/v methanol (pH 8.3)) and then washed in 1Â TBST washing buffer. The membrane was blocked in 1Â TBST with 5% BSA for 1 h at room temperature. Primary antibodies for ERK1/2 and phospho-ERK1/2 (1:1000, Invitrogen) in 1Â TBST containing 1% BSA were added onto the PVDF membranes and then incubated overnight at 4 C. The membranes were rinsed three times in TBST, and the secondary anti-rabbit IgG HRP conjugate (1:2500, Promega) was added and incubated for 1 h at room temperature, followed by another three washes in TBST. The protein bands on the PVDF membrane were visualized in an All-PRO Imaging X-ray film processor (Hicksville, New York) after immersing in ECL Western blotting detection reagents (GE Healthcare, UK) for short time.
Statistical analysis
In this study all the experimental groups were carried out in triplicate and a Student's t-test was used to statistically analyze the difference between groups. Difference was considered significant if the p value was less than 0.05.
Results
Characterization of ECM on b-TCP scaffolds
SEM morphologies of ECM
To establish the protocol of producing ECM and the efficacy of decellularization (Fig. 1A) , HUVEC were initially seeded on tissue culture plates and decellularized. Light microscopy images of the same field show the morphology of HUVEC after reaching confluence and the decellularized extracellular matrix (Fig. 1B) .
Having demonstrated the feasibility of producing decellularized ECM in vitro, HUVEC cells/scaffolds were cultured for 14 days on b-TCP scaffolds, and subsequently decellularized. Fig. 1C shows that green GFP-tagged HUVEC cells covered all the surface of the scaffold after culturing for 14 days. No green fluorescence was observed on the scaffold after decellularization. 
Immunofluorescent staining of collagen IV, laminin and fibronectin
The presence of the ECM on the scaffold was demonstrated using immunofluorescent staining of collagen type IV, laminin, and fibronectin. Results shown in Fig. 3 show that collagen IV and fibronectin produced strong fluorescence intensity, suggesting abundance within the HUVEC ECM, whereas laminin was expressed a relatively low level in a sparse dot-like morphology. After decellularization, the majority of HUVEC were removed, although several nuclei were observed in fluorescent images before and after decellularization. Similarly, these three matrix proteins were present before and after decellularization. 
FTIR analysis
Results for FTIR analysis are shown in Fig. 4 . The wide bands in the range of 900e1200 cm À1 were assigned to characteristic bands of phosphate in b-TCP [37] . These were not observed in the ECMonly spectrum. In the spectra from ECM group, which was harvested from tissue plate after decellularization, two absorption peaks at 1500e1580 cm À1 and 1580e1750 cm À1 were present and assigned to amide I and amide II. The FTIR spectra of ECM/b-TCP showed two new adsorption bands at 1642.4 cm À1 and
cm
À1
, which were absent from the b-TCP only spectrum. As discussed in previous work [38] , these peaks corresponded to amide I and hydroxyl groups, respectively. The amide group was assigned to the presence of collagen, while proteoglycans might be responsible for the high hydroxyl group signal [39] . Neither peak was observed in the spectrum of b-TCP only.
XPS analysis
The elements in the ECM/b-TCP scaffolds and the ECM harvested from tissue culture plates were measured by XPS. Result in Fig. 5 showed that there is a new peak (binding energy, 400 eV) in the ECM/b-TCP and ECM-only spectra, corresponding to the amino groups in the peptide bond [32, 39] . This peak corresponding to N1s was not observed for ECM-free b-TCP scaffolds. Signal intensity for the C1s peak, at 284.7 eV, was larger for the construct, compared to that of b-TCP only. Table 2 (Fig. 5c, d) , two new peaks corresponded to CeN (285.7 eV) and O] CeN (287.6 eV) was shown [39] . These functional groups mainly result from ECM protein biomolecules deposited on the scaffolds. (Fig. 7) . For runx2, hMSC cultured in ECM/b-TCP scaffolds were expressed 5.2-fold higher than that in b-TCP scaffolds after 7 days and 38-fold after 14 days. For alp, it was expressed 4.7 and 2.2-fold at 7 and 14 days, respectively. Similarly, opn and oc genes were also expressed higher fold in ECM/b-TCP scaffolds group than that in b-TCP only scaffolds. Together, these gene expression results demonstrate that HUVEC-derived ECM-containing b-TCP scaffolds significantly up-regulated the expression of osteogenic-related genes.
Immunofluorescence staining of osteocalcin matrix protein
To further verify the significant role of ECM in promoting the osteogenic potential of hMSC, a late-stage extracellular matrix protein of hMSC (osteocalcin) was immunostained. Confocal images showed that the fluorescent density is significantly higher in ECM/b-TCP groups than in the b-TCP only group after culturing for 14 and 21 days (Fig. 8) . In b-TCP only group, osteocalcin was sparsely distributed on the scaffold, while it was homogenously dispersed on the ECM/b-TCP scaffold at a high-density. These immunofluorescence results demonstrate that HUVEC-derived ECM-containing b-TCP scaffolds increased deposition of osteogenic ECM in hMSC.
Osteogenic induction of hMSC via MAPK/ERK pathway
To study whether ECM has an effect on the osteogenic differentiation of hMSC through the MAPK/ERK signaling pathway, a inhibitor of the MAPK/ERK signaling pathway, PD98059, was used and its effects on hMSC differentiation were investigated by measuring ALP activity, osteogenic gene expression, and phosphorylated ERK1/2 levels. ALP activity measurements indicated that the inhibitor did not significantly inhibit the ALP activity of hMSC when seeded on b-TCP only scaffolds, whereas ALP activity level of hMSC when seeded on ECM/b-TCP scaffolds was (Fig. 9) . Gene expression results indicate that PD98059 inhibitor significantly reduced the expression level of genes runx2, alp, and opn Table 2 The atomic percent of individual elements on the surface of the scaffolds automatically calculated by the software Multipak associated with the equipment. n ¼ 3) . An * and ** are marked to show significant differences between groups (*p < 0.05, **p < 0.01). at days 7 and 14. GAPDH expression was also determined as an internal control. Significant difference between the two groups are shown as * and ** (*p < 0.05, **p < 0.01). when hMSC were seeded on ECM/b-TCP scaffold at 7 and 14 days, while it did not inhibit the gene expression of hMSC on b-TCP scaffolds ( Fig. 10 for runx2, alp, opn) . In addition, Western blot analysis indicated that PD98059 inhibited the expression of phosphorylated protein ERK1/2 24 h after treatment (Fig. 11) . Together, these results suggest that ECM increased osteogenic differentiation in hMSC via MAPK/ERK signaling.
Discussion
A microenvironment with appropriate spatial and temporal signals will promote tissue regeneration. Porous b-TCP ceramic scaffolds have been developed to provide structural support in bone regeneration; however, these scaffolds lack bioactive components on the surface. ECM can serve as a source of growth factors, cytokines, chemokines and other biological signals, providing bioactive cues for cell proliferation and differentiation. As such, deposition of cell-derived ECM on a 3D porous b-TCP ceramic scaffold potentially creates a biomimetic microenvironment that promotes cellular development by combining biological cues and structural support.
In our previous study, we produced hMSC-derived ECM deposited on CaP scaffolds [27] . In this study, we grew HUVEC on 3D porous b-TCP ceramic scaffolds and then decellularized the construct to generate HUVEC-derived ECM. This was followed by characterization using SEM, FTIR, XPS and immunochemistry. The results demonstrated the presence of ECM components on the surface of CaP scaffolds. It has been reported that endothelial derived ECM is enriched in proteoglycans laminin, collagen IV, and fibronectin. Fibronectin, collagen IV and laminin are thought to be important ECM protein components for cell adhesion, proliferation and differentiation [15,31,32,40e42] . We further used these proteins as biomarkers for the presence of ECM. Our immunofluorescent staining experiments have shown the presence of collagen IV, fibronectin, and laminin on the b-TCP scaffolds.
After the characterization of ECM on the ceramic scaffold, we evaluated whether this HUVEC-derived ECM microenvironment of ECM/b-TCP composite scaffold can promote the osteogenic differentiation of hMSC in vitro. We seeded hMSC on the ECM/b-TCP and b-TCP only scaffolds. dsDNA content and ALP activity were measured to determine the extent of cell proliferation and differentiation while the expression of osteogenic genes was determined using real-time PCR. Our study did not demonstrate a significant difference between the ECM/b-TCP and b-TCP scaffold groups in dsDNA content, which provides an indirect measure of cell proliferation. Therefore, the presence of ECM on the scaffold did not significantly promote cell proliferation compared to the plain scaffold condition with incubation time. This may be because we used osteogenic medium, which promotes cells to differentiate but not to proliferate.
Our results do suggest that ECM plays a significant role in cell differentiation. ALP activity expression levels in ECM/b-TCP scaffolds were significantly higher than those in b-TCP only scaffolds.
Bone-related genes were up-regulated in ECM/b-TCP groups compared to b-TCP only groups. The immunofluorescent staining for osteocalcin, a component of bone matrix, was shown to occur at a higher density within ECM/b-TCP scaffolds relative to b-TCP only scaffolds. These results imply that HUVEC-derived ECM promotes early osteogenic differentiation of hMSC in vitro. This may be attributable to collagen, fibronectin and laminin proteins in HUVEC-derived ECM, which have previously been reported to stimulate osteogenic differentiation [12, 13, 15] . However, Kaigler et al. reported that ECM derived from human dermal microvascular endothelial cells did not have any effect on hMSC's osteogenic differentiation. In their experiments, they removed endothelial cells using urea from culture plates and immediately seeded hMSC on the remaining ECM [43] . Villars et al. also reported that HUVECderived ECM had no effect on the ALP activity of hMSC [44] . They used glycerol solution to remove cell materials and scraped ECM for dialysis, and then dialyzed ECM solution was homogenously coated for seeding hMSC. Our method is distinct in that we seeded HUVEC on scaffolds and decellularized the constructs using 0.5% Triton solution to remove cells and deposit ECM on the scaffolds. Our finding that HUVEC-derived ECM significantly promoted the osteogenic differentiation of hMSC is distinct from previous studies and this difference may be a result of the unique combination of ECM architecture and CaP scaffolds in a 3D spatial structure.
The early differentiation of hMSC may be mediated by the activation of the MAPK/ERK osteogenic signal pathway [12, 15, 45, 46] . HUVEC-derived ECM deposited on the surface of a scaffold provides new bioactive components, which may activate ERK1/2 expression through the MAPK/ERK signaling pathway mediated by integrins on the cell membrane of hMSC. To determine if the ECM activates the osteogenic differentiation of hMSC through the MAPK/ERK signaling pathway, we used the inhibitor PD98059 to block this MAPK/ERK signaling pathway. ALP activity and gene expression results showed that ALP activity was significantly inhibited and the osteogenic genes were significantly downregulated in ECM/b-TCP group after PD98059 treatment. This inhibition did not occur in b-TCP group. Similarly, protein expression from Western blotting also showed that the phosphorylated ERK1/2 level in ECM/b-TCP group was significantly inhibited while protein expression in the b-TCP group was not. These results implicate the MAPK/ERK signaling pathway in activating hMSC osteogenic differentiation. ECM components activated this signaling pathway via intergrins on the hMSC membrane, thus down-streaming the osteogenic differentiation pathway of hMSC [15, 45, 46] . This implies that ECM provides important biological cues for the differentiation of hMSC.
This study reinforces our understanding of cellematrix interaction in ceramic scaffold-based tissue regeneration techniques. A biomimetic microenvironment provides bioactive cues, regulating the osteogenic behaviors of hMSC. Therefore, through the in vitro generation of a cell-derived ECM, the cellular function of a ceramic scaffold can be improved without any additional chemical modification or growth factor binding. This technique could also be used to enhance other tissue regeneration scaffolds. We believe that the clinical impact of this technique could be significant, as the treatment of significant bone defects remains and unsolved problem in modern medicine. Our ECM-modified scaffold can be tailored to defects of various shapes and sizes, is easily handled and stored in a clinical setting, and avoids the potential risk of infectious disease.
It is worth noting that in our previous experiments, we seeded hMSC onto 3D porous b-TCP scaffold and generated hMSC-derived ECM-containing porous b-TCP scaffolds [27] . In these studies, we did not observe enhancement of early osteogenic differentiation of hMSC by the hMSC-derived ECM. The difference is that we used an osteogenic medium for the first time in our current study and this combination of HUVEC-derived ECM and osteogenic medium may promote early osteogenic differentiation of hMSC. In the future, we will need to determine if the HUVEC-derived ECM alone will promote early osteogenic differentiation of hMSC in nonosteogenic medium and if the HUVEC-derived ECM will better promote early osteogenic differentiation of hMSC as compared to hMSC-derived ECM in osteogenic medium. Additional research is also indicated to investigate the in vivo behaviors of this ECM/ scaffold.
Conclusion
We fabricated an HUVEC-derived ECM-containing interconnected porous biodegradable b-TCP scaffold. hMSC seeded on this HUEVC ECM-deposited b-TCP scaffold showed increased osteogenic differentiation due to the activation of MAPK/ERK signal pathway. This porous b-TCP with cell-derived ECM provides a promising platform not only for providing mechanical support in a porous structure, but also for mimicing the native cellular microenvironment with biological cues to promote stem cell differentiation. Fig. 10 . Related osteogenic gene expression levels in hMSC cultured on ECM/b-TCP scaffolds with and without the presence of inhibitor PD98059. Runx2, alp, opn and oc gene expression levels were inhibited by the addition of PD98059. Significant difference between the two groups are shown as * and ** (*p < 0.05, **p < 0.01). Fig. 11 . Protein expression levels of phosphorylated ERK1/2 and total ERK1/2 were evaluated by Western blotting. Blocking MAPK/ERK signaling inhibits the osteogenic differentiation of hMSC on ECM/b-TCP scaffolds. Cell lysates were generated after 24 h. The concentration of total protein was assayed by BCA assay.
